Objectives: To evaluate the use of shear wave elastography in assessment of kidney allograft tubulointerstitial fibrosis. Methods: Shear wave elastography assessment was carried out by two independent operators in kidney transplant recipients who underwent allograft biopsy for clinical indications (i.e. rising creatinine >15% or proteinuria >1 g/day). Allograft biopsies were interpreted by the same pathologist according to the 2013 Banff Classification. Conclusions: Shear wave elastography can be used as a non-invasive tool to evaluate kidney allograft fibrosis with reasonable interobserver agreement and superior test performance to serum creatinine in detecting early tubulointerstitial fibrosis.
Introduction
Long-term kidney allograft survival has not improved significantly over the past two decades, despite the development of more potent immunosuppressants. 1 Late allograft dysfunction has been shown to mostly correlate with tubulointerstitial fibrosis.
2 Tubulointerstitial fibrosis is a descriptive term to describe fibrotic change in the tubulointerstitial compartment of the graft kidney. Most cases of tubulointerstitial fibrosis have a specific cause identified, such as rejection or recurrent glomerulonephritis. 3 Early detection of tubulointerstitial fibrosis and specific treatment targeting the underlying cause might decelerate or halt the process, ultimately leading to improved allograft survival. 3 However, tubulointerstitial fibrosis progresses subclinically at the early stage. Thus, effort to explore non-invasive and reproducible alternatives to detect early change is warranted.
Elastography has emerged as a useful adjunct tool in ultrasound examination to determine tissue stiffness. 4 However, the clinical value of elastography in assessment of kidney allograft fibrosis remains undefined. SSI elastography is a two-dimensional SWE technique that integrates the creation of shear waves by an acoustic radiation pressure technique, and detection of shear wave propagation by an ultrasound speckle-tracking algorithm and ultrafast imaging technique, with the use of a single ultrasound imaging transducer array. Real-time measurement of shear wave propagation velocity and their elasticity value in kilopascals (kPa) can thus enable quantitative measurement of local tissue stiffness. 5 The kidney has a more complex anatomical organization than the liver. Hence, SSI has a potential advantage over the non-imaged elastography technique, such as FibroScan, in assessment of a graft kidney, as it allows real-time, targeted image-guided measurement of tissue stiffness, and selective sampling of the cortex and medulla.
In the current study, we aimed to determine the reproducibility of transplant kidney stiffness measurement. We also examined the relationship between tissue stiffness and the histological severity of tubulointerstitial fibrosis.
Methods Participants
Adult kidney transplant recipients who were followed up in Queen Mary Hospital in Hong Kong and had an allograft biopsy carried out with clinical indication (i.e. rising creatinine >15% or proteinuria >1 g/day) between January 2012 and September 2015 were recruited. All consenting patients had ultrasound elastography assessments carried out within 2 weeks before or after the allograft biopsy. Demographic and laboratory results on allograft function were also collected for data analysis. This study was carried out in accordance with the guidelines set out in the Declaration of Helsinki and Declaration of Istanbul. The study protocol was approved by the institutional review board (IRB reference number: HKU/HA HKW IRB UM12-425).
Ultrasound assessment of the kidney allograft
Each patient was examined by two independent operators who were blinded to the patient's allograft function status and their counterpart's result. Elastography was carried out with an Aixplorer machine (Supersonic Imagine, Aixen-Provence, France). A longitudinal view of the kidney parallel to the skin surface was obtained, and the mid or lower pole of the graft kidney was targeted, where the depth of the anterior cortex from the skin surface was the smallest. After obtaining an optimal grayscale image, a real-time color scale elasticity map displayed in the scale of 0-70 kPa was then positioned to cover the anterior cortex corresponding to the common biopsy site. ROIs, with a standardized diameter at 2 mm, were placed within the covered cortex and medulla, perpendicular to the renal capsule to avoid an anisotropy effect, respectively (Fig. 1) . The depth of each ROI was recorded and limited to within 5 cm. A total of six pairs of ROIs and elasticity values were obtained. The median of these six elasticity values was then determined.
Histological assessment of the kidney allograft
Allograft biopsies were carried out with a 18-G biopsy needle guided by ultrasound. Allograft tissue was stained with trichrome, hematoxylin-eosin and periodic acid Schiff stain. Histological examination was carried out by the same pathologist, who was blinded to the elastography results. All biopsies were graded according to the 2013 Banff classification. 6 Quantitation of cortical fractional tubulointerstitial fibrosis was carried out with computerized image analysis. Images of cortical sections stained with green trichrome were acquired with a light microscope and a video system (Olympus AX70, Tokyo, Japan) using a 940 objective using polarized light with crossed polarizers in a serpentine progression. The index of the tubulointerstitial fibrosis is defined as the ratio between the area of interstitial fibrosis and tubular atrophy, to the total cortex area in the biopsy specimen.
Statistical analysis
The median of the six elastography measurements by each investigator was taken as the stiffness. The measurement of two observers was compared with the Mann-Whitney test. Interobserver agreement was also assessed by an ICC and Bland-Altman plot. To assess the radiological-pathological correlation, tissue stiffness measured by elastography was compared with the Kruskal-Wallis test according to individual Banff ci and ct scores. Spearman's correlation was also used to assess the correlation between elastography measurements and tubulointerstitial fibrosis derived from quantitative image analysis. To assess the ability of SSI elastography and serum creatinine in identifying those patients with early allograft fibrosis that were potentially amenable with intervention targeting the underlying cause, we carried out ROC curve analysis using the cut-off ci or ct ≥1. All analyses were carried out using SPSS version 16.0 (SPSS, Chicago, IL, USA), with P-values <0.05 considered statistically significant.
Results

Study population
A total of 32 kidney transplant recipients were included. The baseline characteristics of these 32 patients are summarized in Table 1 . Four patients had repeated allograft biopsies. The repeated biopsies were carried out >3 months apart, and progression of tubulointerstitial fibrosis was noted in all re-biopsy specimens. Hence, a total of 40 sets of paired elastography examinations were included for analysis. No complication or adverse event was noted during allograft biopsy and elastography examination. A total of 19 (47.5%) and 15 (37.5%) elastography scans took place within 1 year and ≥5 years post-transplant, respectively. Nine cases were diagnosed tubulointerstitial fibrosis with no evidence of any specific etiology, and the remaining cases were diagnosed acute rejection (n = 9), recurrent glomerulonephritis (n = 7) and others (n = 15).
Interobserver correlation
The median cortical stiffness by the two observers were 22.6 kPa (IQR 18.8-25.7 kPa) and 22.3 kPa (IQR 19.0-26.5 kPa; P = 0.702), and the median medullary stiffness were 15.0 kPa (IQR 13.7-18.0 kPa) and 15.6 kPa (IQR 14.4-18.2 kPa; P = 0.282), respectively. Interobserver agreement was satisfactory, and ICC for cortex and medulla was 0.84 (95% CI 0.70-0.92) and 0.88 (95% CI 0.78-0.94), respectively. Bland-Altman plots for measuring agreement of cortical and medullary stiffness between the two observers are shown in Figure 2 . The mean differences between the two observers in cortical and medullary stiffness were 0.01 kPa (95% CI À1.41 to 1.42 kPa) and À0.50 kPa (95% CI À1.39 to 0.38 kPa), respectively. The 95% limits of agreement were 8.69 kPa and À8.67 kPa for the cortex, and 4.91 kPa and À5.91 kPa for the medulla.
Radiological-pathological correlation
Tubulointerstitial fibrosis determined by quantitative image analysis ranged from 6.9% to 76.5% (median 36.8%). Both cortical (R = 0.26, P = 0.025) and medullary stiffness (R = 0.59, P < 0.001) correlated significantly to interstitial fibrosis.
The semiquantitative score of interstitial fibrosis (ci) and tubular atrophy (ct) were the same for all the 40 allograft biopsy tissues. The ci or ct Banff score correlated well with the degree of interstitial fibrosis measured by quantitative image analysis (R = 0.80, P < 0.001). Figure 3 shows the interstitial fibrosis measured by quantitative image analysis (Fig. 3a) , cortical stiffness (Fig. 3b) , medullary stiffness (Fig. 3c ) and serum creatinine (Fig. 3d) stratified by semiquantitative Banff ci/ct score. The present results showed a significant correlation between semiquantitative Banff ci/ct score and tissue stiffness (cortical P = 0.004, medullary P < 0.001), as well as serum creatinine (P = 0.005). However, there was no significant difference in serum creatinine among individuals who had lower ci or ct scores (≤2), suggesting serum creatinine was not a good biomarker of milder allograft fibrosis. At the threshold of ci or ct ≥1, the AUCs for cortical and medullary stiffness were 0.75 (95% CI 0.60-0.89) and 0.85 (95% CI 0.75-0.95), respectively, and a lower AUC for serum creatinine was noted (AUC 0.65, 95% CI 0.53-0.78; Fig. 4 ).
Discussion
The present study showed that non-invasive assessment of tubulointerstitial fibrosis with SSI elastography is technically feasible with good interobserver correlation. The tissue stiffness determined by SSI elastography correlated well with histological severity of interstitial fibrosis and tubular atrophy. Most importantly, we showed that SSI elastography has superior test performance characteristics than serum creatinine in detecting early tubulointerstitial fibrosis, suggesting its potential to be a non-invasive bedside test to determine early kidney allograft fibrosis.
Ultrasound elastography determines tissue stiffness by applying stress and measuring the mechanical response of tissue; for example, displacement, strain or shear wave propagation velocity, and thus its biomechanical property. Transient elastography (FibroScan) achieved rapid and reproducible results in assessment of the liver, correlating well with the degree of fibrosis and cirrhosis. 7, 8 Its use in kidney transplant recipients had also been studied, and suggested a positive correlation with kidney allograft interstitial fibrosis.
9-11 However, transient elastography only allowed unidimensional measurement, and the sample volume was fixed in depth and size. As the kidney has a more complex anatomical organization than the liver, transient elastography would be a less appropriate imaging modality for graft kidneys. SSI and acoustic radiation force impulse imaging are the two major SWE techniques that allow image-guided measurement of tissue stiffness. We used the SSI methodology as it has the advantages of real-time measurement and bidimensional mapping of elasticity compared with acoustic radiation force impulse imaging. Grenier et al. tested the technical feasibility of SSI elastography and achieved a success rate of 88%. 12 Obesity was the major reason of failure due to ultrasound pulse attenuation. In their study, acceptable intra-and interobserver variability could only be obtained in the cortex, but not in the medulla. They also showed a significant correlation between the cortical stiffness by SSI elastography and the sum of Banff scores of chronic lesions and of all elementary lesions. In contrast to this European study, we achieved 100% success rate in our cohort, and the interobserver variability was similar in the cortex and medulla. The body build of the recruited patient would certainly affect the success rate. As we managed to place the position of all ROI within 5 cm, our elastography measurements showed less interference by overlying tissues, even when we were assessing the medullary stiffness. MRE has been introduced for assessment of liver fibrosis. 13 There was also a preliminary report on the use of MRE to assess fibrosis in kidney allografts.
14 Compared with ultrasound elastography, MRE has a larger sampling area and allows analysis of almost the whole organ. MRE also offers excellent reproducibility and diagnostic accuracy, and is more reliable in obese patients. 15, 16 However, the required hardware or software of MRE are less readily available. In contrast, ultrasound elastography provides reasonable reproducibility and diagnostic accuracy, and is relatively less expensive and fast to carry out, even in an outpatient clinic setting. Further study is required to compare these two elastography techniques in kidney transplant recipients.
Allograft biopsies were obtained from the renal cortex. We used both the quantitative image analysis and semiquantitative Banff score to be the reference standard of allograft fibrosis measurement. These two measurements represented the cortical fibrosis and correlated well with each other. Surprisingly, medullary stiffness had better radiological-pathological correlation than that of cortical stiffness, as evidenced by the higher correlation coefficient with allograft fibrosis detected by quantitative image analysis and higher AUC at ci or ct score ≥1. The cortex superficial to the medullary pyramids was the typical sampling site during biopsy, and thus the target area for elastography assessment. Nevertheless, assessment of cortical elasticity was subjected to several challenges. It is noteworthy that SSI elastography was sensitive to external pressure, such as compression of the probe by the sonographer, or internal pressure related to perfusion or urinary pressure. 17 As the cortex was more superficial, measurement of cortical stiffness would be more susceptible to interference by external compression, especially in a slim patient. Furthermore, the cortical ROIs were within 1 cm from the renal capsule. Its evaluation would be affected by reverberation of the shear wave, particularly among those patients with cortical thinning. 18 In addition, the bowel gas near the graft kidney had resulted in sonic attenuation and incomplete filling of the elasticity map, especially when sampling at the upper pole. Most patients had elastography assessment after the kidney biopsy. The hemorrhage and tissue change at the biopsy site might potentially interfere with the elastography assessment. All these factors might affect the accuracy of cortical stiffness measurements, and hence worsen cortical radiological-pathological correlation. The difference in blood flow or perfusion between the cortex and medulla might also contribute to differences in elastographic data correlation with histology in the two regions. Further studies on factors that might have an impact on the results would be warranted.
Recent advancements in immunosuppressive therapy effectively reduced early acute rejection in kidney transplant recipients, but without significant improvement in the longterm allograft survival in the past two decades.
1 Tubulointerstitial fibrosis in the transplant kidney portends a poor prognosis, and its prevalence increases with increasing posttransplant duration, so that by approximately 10 years, all of the transplanted kidneys would show some degree of tubulointerstitial fibrosis. 19 It is well known that kidney fibrosis progresses subclinically in the early stage, and a rise of serum creatinine would only be observed at the late and irreversible stage of allograft fibrosis. As expected, we observed an obvious rise of serum creatinine only when the ci or ct score was >2, but no significant difference was noted among patients who had a ci or ct score of ≤2. In contrast, even at the subclinical stage (defined by serum creatinine) of allograft fibrosis; that is, ci or ct scores ≤2, a significant rise in both the cortical and medullary stiffness was still noted with increasing ci or ct score. The ROC curve analysis also confirmed the SWE had a superior test performance over serum creatinine in the detection of early tubulointerstitial fibrosis. Most cases of tubulointerstitial fibrosis had a specific cause identified. 3 Early detection and treatment of potentially reversible chronic pathologies, such as subclinical cellular or humoral rejection, recurrent glomerulonephropathy, BK virus-associated nephropathy and calcineurin inhibitor toxicity, should have a beneficial effect on long-term kidney transplant outcomes. SSI elastography has the potential to be used as a non-invasive screening test to identify patients with relatively normal creatinine but stiffness scores that might suggest early tubulointerstitial fibrosis, which facilitates timely investigation of the underlying pathology and prompt intervention.
The present study had both strengths and limitations. We assessed the technical feasibility of SSI elastography scanning in graft kidney by determining the interobserver correlation and radiological-pathological correlation by verifying with allograft biopsy. Unlike other studies that assess allograft biopsy by only Banff CAI grade or semiquantitative Banff score (such as ci/ct), we also assessed the degree of allograft fibrosis with quantitative image analysis. The limitations of the present study included the small sample size and cross-sectional design. Patients with repeated biopsy were included. These biopsies were carried out >3 months apart and the histological assessment confirmed a change of Banff grading. Hence, it was reasonable to treat the repeated biopsies case as a separate examination in the radiopathological correlation assessment. We selected patients who underwent graft kidney biopsy for clinical indications, thus resulting in the detection of a considerable proportion of patients showing moderate-to-severe tubulointerstistial fibrosis. It is likely that if the procedure was carried out on a per protocol basis, the proportion of patients showing little or mild fibrosis would be higher.
To conclude, SSI elastography is a promising non-invasive tool in the assessment of kidney allograft fibrosis, with a distinct advantage over serum creatinine for detection of early lesions. Yet, this technique would also be limited by patient factors, such as the body build of patients. A larger-scale prospective study that assesses the prognostic value of SSI elastography would be warranted.
